A low-cost process for the production of laccases is necessary for a sustainable enzymatic wastewater treatment. Therefore, it is necessary to establish an easy and low-cost procedure for the production of laccase. In the present study the properties of crude laccase from Trametes versicolor produced by solidsubstrate fermentation is investigated. The application of the enzyme for dye decolorization is also studied. Crude laccase from the studied culture established maximal activity at 45ºC. The enzyme retained over 90% of its activity in the temperature range 40-47ºC and pH 4.5. The kinetic constants of the crude enzyme was also determined. In the presence of KCl, NaCl, CaCl 2 , MnSO 4 and MgSO 4 , laccase demonstrated high stability-over 50% of its initial activity was still retained after 4-month incubation.
INTRODUCTION
Laccases (benzenediol:oxygen oxidoreductase, EC 1.10. 3.2) are extracellular, multicopper enzymes that use molecular oxygen to oxidize various aromatic and nonaromatic compounds by a radical-catalysed reaction mechanism [1] . Laccases can convert o-and p-diphenols, aminophenols, methoxy-substituted phenols, benzenethiols, polyphenols, polyamines, hydroxyindols, some aryl diamines and a considerable range of other compounds but do not oxidize tyrosine (whereas the tyrosina ses do).
Laccases can be very strongly inhibited by various reagents. Small anions such as azide, halides, cyanide, thiocyanide, fluoride and hydroxide bind to the type 2 and type 3 Cu, resulting in the interruption of internal electron transfer and inhibition of activity. Other inhibitors include metal ions (e.g. Hg
2+
), fatty acids, sulfhydryl reagents, hydroxyglycine, kojic acid, desferal and cationic quaternary ammonium detergents the reactions with which may involve amino acid residue modifications, conformational changes or Cu chelation [2, 3] . Regarding conformational changes, it is known that these are highly dependent on the state of oxidation of the copper atoms. Laccases generally are more stable at alkaline pH than at acidic pH, probably due to the OH − inhibition of autooxidation.
Laccases are increasingly being used in a wide variety of industrial oxidative processes such as delignification, dye or stain bleaching, bioremediation, plantfibre modification, ethanol production, biosensors, biofuel cells, etc. Industrial uses require overproduction of the enzyme, generally in a heterologous host, as an indispensable prerequisite. Indeed, most commercial laccases are produced in Aspergillus hosts. The functional expression of the Myceliophthora thermophila laccase in S. cerevisiae by directed molecular evolution has been reported, which enables this system to be tuned up for new and challenging applications [4] . Many white-rot fungi produce multiple laccase isoforms under the appropriate inductive conditions [5, 6] . Most fungal laccases studied are extracellular proteins, but intracellular laccases have been detected in some fungi [7] .
The genus Trametes, which belongs to the white-rot fungi, is assumed to be one of the main producers of laccases. T. versicolor produces laccase and MnP as major ligninolytic enzymes; however, the role of these enzymes in decolorization of azo dyes is not yet clear. Laccase and/or MnP activities in culture filtrate of T. versicolor were not able to decolorize azo dyes, thus indicating a role of other enzymes or cell-bound components in azo dye degradation [8] .
In order to produce laccases, white-rot fungi have to be cultured under specific conditions. Two types of culture techniques are used: Solid-state fermentation (SSF) and Submerged fermentation (SmF). The SSF is defined as any fermentation process occurring in absence or near absence of free liquid, using an inert substrate or a natural substrate as a solid support [9] . The former works as an attachment place for the microorganism, whereas the latter also acts as a carbon source, which considerably reduces the production costs [10] . SSF is advantageous in obtaining concentrated metabolites and subsequent purification procedures are economical [11, 12] . In SSF, the microorganisms grow under conditions close to their natural habitat. This may allow them to produce certain enzymes and metabolites, which usually would not be produced or would only be produced at a low yield in SmF [9] . Therefore, the selection of an adequate support is essential, since the success of the process depends on it.
Laccases have become important, industrially relevant enzymes that can be used for a number of diverse applications, including biocatalytic purposes such as delignification of lignocellulosics and crosslinking of polysaccharides, bioremediation applications such as waste detoxification and textile dye transformation [13] , food technological uses, personal and medical care applications [14] , and biosensor and analytical applications [15] . In view of the broad biotechnological applications of laccases [16] [17] [18] , there is a scientific need to identify different sources of laccases having diverse properties so that suitable laccases for various applications could be identified.
The enzymatic treatment of wastewater requires the production of large amounts of enzymes, in this case laccases, at low cost. The current commercial price of laccases is high, constituting a drawback for its use. A low-cost process for the production of laccases is necessary for a sustainable enzymatic wastewater treatment. Therefore, it is necessary to establish an easy and low-cost procedure for the production of laccase. In the present study the properties of crude laccase from SSF culture of Trametes versicolor is investigated. The application of the enzyme for dye decolorization is also studied.
MATERIALS AND METHODS

Microorganisms and Inoculum
A fungal strain of Trametes versicolor 1A collected from hills in the city of Plovdiv, Bulgaria was used in this work. The culture belongs to the collection of the Department of "Biotechnology" at the University of Food Technologies in Plovdiv-Bulgaria. The culture is maintained on 2% lima bean agar plates and slants at 4 o C. For enzyme production, a 7-day old plate culture grown on 2% potato dextrose agar (PDA) was used. Mycelial inoculum was prepared by inoculating 10 7 spores of fungus from agar-slant culture to 300 ml shake flask containing 50 ml beer must 7.5 o B. The pH of the media was adjusted with 1M NaOH to 6.5. The inoculated flasks were incubated at 30 o C and 220 rpm for 72 h.
Solid-Substrate Fermentation (SSF)
The SSF was carried out using a medium consisted of 4.0 g wheat bran, 2.5 g oats straw and 2.5 g beetroot press in 300 ml flasks. 
Enzyme Extraction
The crude enzyme extract was obtained by adding 50 ml distilled water to the fermented matter. The flasks were mixed for 30 min at room temperature (25 o C) using a shaker (220 rpm). Solids were removed first by filtering and then by centrifuging at 5000 g for 5 min. The supernatant obtained was used as crude enzyme extract.
Laccase Activity Measurement
Laccase activity was assayed according to Marbah et al. [20] using syringaldazine as a substrate. One unit of laccase activity was defined as 0.001 ∆A 530 for 1 min, pH 4.5 and 30 o C.
Determination of the Kinetic Parameters
( m K and max V ) of the Enzyme m K and max V values were determined using 4-hydroxy-3,5-dimethoxybenzaldehyde azine (syringaldazine) and 2,2´-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) as substrates [20] at different concentrations (0.01 ÷ 0.1 mM) in 0.2 M citrate-phosphate buffer (pH 4.5). The computing procedures were performed by using a package of applied software programs of own development in the software media of Matlab and Eureka [21, 22] . For analyzing the results two approaches were used:
Michaelis-Menten
The kinetic parameters in each of the models were calculated according to the optimization procedure which minimized a criterion of the type:
where v is the initial velocity of the enzyme reaction calculated by (1) and (2) and n is the number of analyzing points.
Effect of Ph on the Activity and Stability of the Enzyme
Laccase activity is a function of pH measured in 0.2 M citrate-phosphate buffer over the range from 1.8 to 6.6. The highest activity was set as 100% of relative activity. For the stability experiments, the crude extract was incubated under initial conditions for 30 minutes at 30 o C and residual laccase activity was determined at intervals according to the standard conditions cited above. The buffers used in that study were: citrate (pH 3.0, 3.5, 4.0), acetate (pH 4.0, 4.5, 5.0, 5.5), phosphate (pH 5.5, 6.0, 6.5, 7.0).
Effect of Temperature on the Activity and Stability of the Enzyme
Laccase activity was measured at pH 4.5 in 0.2 M citrate-phosphate buffer at different temperatures over the range 10-70 o C. The enzyme's thermal stability was assayed by incubating the crude extract at different temperatures in the range of 30-70 o C at different times using 0.2 M citrate-phosphate buffer. After the incubation, the crude extract was cooled and laccase activity was determined at standard conditions.
Effect of Ions
The crude extract was incubated with different ionic solutions: KCl, ZnCl 2 , CuCl, Pb(NO 3 ) 2 , AgNO 3 , ZnSO 4 , MgSO 4 , MnSO 4 , NaCl and CaCl 2 at 10 mM; NaN 3 at 1.0 mM and residual laccase activity was determined at intervals according to the standard conditions cited above with syringaldazine as substrate. The activity of the enzyme immediately after ultrafiltration was set as 100% of relative activity.
Removing of Salts (Ultrafiltration)
Removing of salts in crude enzyme extract was carried out in ultrafiltration module by pressure of nitrogen of 0.3 МРа. Cellulose acetate membrane (500 Da) was used. The crude enzyme extract was rinsed and filtered until conductivity of 56 μS was achieved (Tungsram's "Radelkis" conductometer).
Dye Decolorization Studies
Crude enzyme extract was collected at the maximum laccase activity (day 7), filtered, clarified by centrifugation at 8000 g for 15 min, frozen, defrosted and then filtered to remove the precipitated polysaccharides. The resulting clear filtrate was concentrated by ultrafiltration (as described above). In vitro decolorization experiments were performed with the concentrated clear filtrate. For the purpose of the investigation the crude enzyme extract was diluted twice, thus we used two samples-with 2000 and 1000 U/ml laccase activity. The dyes tested for the in vitro studies were: indigo carmine (indigoid) CI 73015, phenol red (sulfonaphthalein), Remazol Brilliant Blue R, and the azo-dyes Orange II and Congo Red. All were purchased from Aldrich (St. Louis, MO, USA) and were used in a concentration of 0.01%. The reaction mixture for dye decolorization consisted of equal volumes of an aqueous solution of dye and crude laccase (2000 or 1000 U/ml) in citrate phosphate buffer (pH 5.0). The residual dye concentration was measured spectrophotometrically at 608 nm for indigo carmine, 587 nm for Remazol Brilliant Blue R, 483 nm for Orange II, 497 nm for Congo Red and 475 nm for phenol red. A control test containing the same amount of a heatdenatured laccase was performed in parallel. The assays were done thrice, the experimental error being below 3%.
RESULTS AND DISCUSSIONS
Effect of pH and Temperature on Laccase Activity and Stability
Most of the fungal laccase have optimum pH in the range of 3.0-4.0 and temperature in the range of 40-60ºC for oxidation of phenolic compounds. Crude laccase produced by Trametes versicolor 1A was found to express maximal activity at pH 4.5 (Figure 1(a) ). The enzyme activity was also high in the pH range between 4.1 and 4.8, being respectively 99.3% and 95.2% of the maximum. Crude laccase was proved active in the range of pH modification from 3.3 to 6.0. Crude laccase from the studied culture established maximal activity at 45ºC (Figure 1(b) ). The enzyme retained over 90% of its activity in the temperature range 40-47ºC, the respective values being 94.2% and 93.3% of the maximum. Within the range 30-50ºC the loss of enzymatic activity was below 30 %, and in particular-28.9% and 23.2%. At 60ºC the loss of laccase activity was 83.6%.
In the range of pH values between 3.0 and 7.0 the enzyme was found to be most stable at pH 4.5 ( Figure  2(a) ). During the 48-hour follow-up of the investigation the enzyme activity was found to decrease only by 3.4%.
Copyright © 2010 SciRes. ABB Minor losses of enzyme activity were registered at pH 5.0 and 5.5, as well, namely 7.1% and 9.2% for 48 h. Crude laccase was assessed as being most unstable at pH 7.0 -the reduction of enzymatic activity was by 57.2% for 48 h. The thermal stability of crude laccase was followed within the temperature interval o C (Figure  2(b) ). The greatest stability of the enzyme was observed at 30 o C -the residual activity after 48 h incubation was 97.2%. The enzyme was still stable at 40 o C -the loss of enzymatic activity for the same period of incubation was 9.8%. At 50 o C the losses of enzymatic activity were 53.4% for 6 h and 90.0% for 48 h incubation. After 6 h incubation at 60 o C the loss of activity reached 58.0%, while after 48 h incubation no enzymatic activity was registered. At 70 o C the enzyme had lost 53.5% of its initial activity in 5 min, and had been completely inactivated in 20 min (data not shown).
Kinetic Analysis
Two compounds, ABTS and syringaldazine, were used as substrates for measuring the kinetic constants of crude laccase. The results from the investigation of process dynamics in the case of ABTS and syringaldazine as substrates are presented in Table 1 .
The conditions for setting in the establishment of substrate inhibition are specified in (2) the substrates ABTS and syringaldazine are presented in Table 2 .
For ABTS substrate the value of the parameter J calculated by model (2) was one order below that obtained by model (1) . On the other hand, So = 0.1 [mM] turned to be only 10% lower than.
. crit S Therefore, in the case of ABTS substrate, more appropriate descriptor of process dynamics proves to be the model taking into account the presence of reversible substrate inhibition (2) . For syringaldazine, model (1), was found to be more suitable for investigating the dynamics of the enzymatic reaction, since the value of J was once again an order below the value obtained by model (2) but So = 0.1 [mM] was noticeably lower than . crit S = 0.145 (by. 45 %)-i.e. in that case there was a marked substrate limitation under the conditions of the experiment.
The kinetic constants determined are quite comparable with those reported for other Trametes spp. The value of m K obtained for sustrate ABTS was identical with the data announced for laccase from T. trogii [23] but disagreed with the value cited for laccase from Pycnoporus sanguineus SCC 108 [24] .
The m K index for syringaldazine substrate was lower than the value of the index established for ABTS substrate, pointing out the greater affinity of the investigated Table 2 . Kinetic constant using model (1) and (2) laccase to the first of the substrates.
Effect of Ions on Enzyme Activity
Laccase in crude enzyme extract (control) was found to lose its activity after an incubation period of 3 months (Table 4 ). In the presence of 5 of the investigated saltsKCl, NaCl, CaCl 2 , MnSO 4 and MgSO 4 , laccase demonstrated high stability-over 50% of its initial activity was still retained after 4-month incubation. It has been assumed that in the presence of various salts enzymes are more substantially influenced by cations. Data from our study revealed that the strongest positive impact on enzyme's molecule was exercised by Na(I) ions, ensuring the molecule stabilization for a period of 4 months with the least loss of enzymatic activity-25%.
On the other extreme was the effect of Zn(ІІ) and Cu(І) ions introduced into the medium as chlorides -their availability destabilized the enzyme molecule making it much more unstable than crude laccase; in the presence of the above cited salts a complete loss of enzymatic activity was registered after 25 and 15 d (in the respective case). In principle, heavy metals have been known to posses a negative impact on enzymes and this was confirmed by the results from our study. It is a clear fact, however, that their destabilizing influence does not go beyond the influence of ZnCl 2 and CuCl.
The suggestion that Na(I) added in the form of NaCl have a positive effect in terms of laccase stability was not confirmed by the experiment with NaN 3 , in which after 30 min of treatment a complete loss of enzymatic activity was registered. It could be assumed that in the specific case dominated the influence of the respective anion. Azide is a very effective inhibitor of laccase II, and complete inhibition was observed with 1.0 mM NaN 3 . Azide is thought to bridge both the type 2 and type 3 Cu in laccase. Our results are with correspondence with [25, 26] . They reported for full or 98% inhibition of laccase activity of some basidiomycetes and ascomycetes by 1.0 mM sodium azide but for shorter period of time to compare to our crude enzyme.
Complete loss of enzymatic activity was observed in the presence of CuCl 2 , FeCl 2 and FeCl 3 after 30 min of incubation, suggesting that Cu(І) and Cu(ІІ) had a negative impact on the enzyme, regardless of being its cofactors. Probably that finding could be attributed to the high concentration of the introduced salts.
Dye Decolorization Studies
The ability of white-rot fungi to decolorize synthetic dyes has been widely studied, particularly with Phanerochaete chrysosporium and Trametes versicolor [27] . In the present study, we assessed the ability of the crude laccase (extracted fluid) from SSF culture of T. versicolor, to decolorize five structurally different synthetic dyes. The decoloration of type model dyes is a simple method to assess the aromatic degrading capability of ligninolytic enzymes [28] . Dye decolorization by laccase is a property of the crude enzyme that underlies one of its possible applications. The results concerning dye decolorization by laccase with enzymatic activities of 1000 and 2000 U/ml are presented on Figures 3(a) and (b) . The application of enzyme solutions with higher activity proved better results for each of the five dyes studied. As it can be seen in Figure 3 , the decoloration rate obtained was very different in each case. 100% decolorization by laccase 1000 U/ml activity was 97.5% for 34 h, of Remazol Brilliant Blue R-69.1% for 24 h, of Orange ІІ-75.3% for 13 d, and of Congo Red-93.4% for 13 d. In summary, laccase decolorized most readily the indigo dye Indigo Carmine, followed by the anthracene derivative Remazol Brilliant Blue R, while the decolorization of the azo-dyes Orange II and Congo Red was much slower. This could be due to either enzyme inhibition by some products generated in the decoloration process or substrate inhibition. These results differ from those found by Soares et al. [29] , who reported that the addition of a redox mediator was necessary for azo-dyes decoloration by a commercial laccase from Novo Nordisk, Denmark (produced by SmF of a genetically modified Aspergillus microorganism). The discrepancy between our results and those from Soares et al. [29] could be due to the difference in fungal species from which the laccase was obtained, the different culture medium and/or the technique used. In addition, the redox potential of laccases varies depending on the laccase source [30] , which could also dictate the need of a redox mediator for the decoloration of a particular dye to occur. When a commercial laccase was used, azo-dye decoloration was significantly lower than that attained by laccase from SSF cultures of T. versicolor. Since equal doses of laccases were used in the decoloration process, the difference in the decoloration efficiency of the two laccases was most likely due to the difference in laccase isoenzymes produced by the differ- ent strains as well as to the difference in specificities to different dyes of diverse structures [31] . In addition, as commented above, it could also be due to the difference in the redox potential of laccases from different microorganisms. Decolorization of the dyes covered by our study has been reported for laccase produced by Trametes versicolor ATCC 200801, as well, but authors do not specify dye concentrations [32] . Regarding T. versicolor CC BAS614, over 50% degradation of Remazol Brilliant Blue R и Orange 16 for 14 days has been reported [33] . Our data suggests that a more active form of the enzyme allows for the achievement of a complete or at least a higher degree decolorization, as well as for a successful reduction of decolorization time. The influence of laccase activity on dye decolorization is another topic not discussed in scientific literature.
CONCLUSIONS
The crude enzyme laccase from SSF culture of Trametes versicolor 1A was isolated and characterized. The unpurified enzyme was very stable with very good potential for application for industrial wastewater treatment.
On one hand, the results clearly showed the enormous potential of wheat bran, oats straw and beetroot press as a support-substrates for production of laccase at low cost by T. versicolor under solid-state conditions. In addition, the laccase produced presented a highly decolorizing ability, especially for indigo and anthracene dyes. This makes laccase from this fungus very attractive for further investigations as well as for its application to different biotechnology areas.
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